Introduction {#Sec1}
============

Breast cancer is a major cause of cancer mortality among women worldwide^[@CR1]^. Triple-negative breast cancer (TNBC), which constitutes \~20% of breast carcinoma, is an unmet subtype of breast cancer with high rate of recurrence and metastasis^[@CR2],[@CR3]^. Due to its negative response to hormonal therapies or medicines targeting estrogen receptor (ER), progesterone receptor (PR), or human epidermal growth factor receptor 2 (HER2), TNBC is still a thorny conundrum in clinical^[@CR1]^. Low oxygen (O~2~) concentration or hypoxia is emerging as a key microenvironment factor in solid tumor, which has a critical role in the physiological characteristics, pathological features, and development of tumor^[@CR4]^. In TNBC, hypoxia as a significant factor regulates probability of metastases in secondary organs, such as the lung, liver, and brain^[@CR5]^.

ATM, the Ataxia-Telangiectasia mutated kinase, is a major regulator of DNA damage repair via dissociating into active monomers^[@CR6]^. However, some evidence has shown that mutation, inactivation, or deficiency of ATM result in a variety of pathological manifestation besides DNA damage. For example, ATM is considered to be critical for survival of hematopoietic stem cells, neural stem cells, and astrocytes^[@CR7]^. Further research reveals that ATM can be activated by non-DNA damage agents, such as hypotonic salt, chloroquine, heat, oxidative stress, and hypoxia^[@CR8]^, supporting a DNA damage-independent ATM (oxidized ATM) in cells. More interestingly, growing biological functions of oxidized ATM have been established. For instance, oxidized ATM enhances cell proliferation, apoptosis resistance via mediating insulin function and glucose metabolism^[@CR9]^; regulates protein synthesis and autophagy via activating AMPK, and restraining mTORC1 signaling^[@CR9],[@CR10]^; and decreases oxidative stress via promoting NADPH production and nucleotide synthesis^[@CR11]^. In breast cancer, we found that oxidized ATM enhanced malignant progress via inducing proliferation of cancer-associated fibroblasts (CAFs)^[@CR12]^. Other researchers ever reported that oxidized ATM may be involve in cell invasion and tumorigenesis through CDK12-ACE mediated an aberrant splicing ATM^[@CR13]^. However, the involvement of oxidized ATM in tumor malignance (e.g., tumor invasion and metastasis) and the underlying mechanisms remain to be determined.

Changed metabolic profile of cancer cells has been recognized as a common event in cancer progression. A hallmark of these alterations is enhanced consumption of glucose and release of lactate even in the presence of oxygen, which is called the Warburg effect^[@CR14]^. There is evidence showing that Warburg effect is tightly related to metastatic feature of cancer. For instance, inhibiting lactate dehydrogenase A (LDHA) (glycolysis dysfunction)^[@CR15]^, or enhancing mitochondria function by BNIP3^[@CR16]^, reduces tumor cell invasion. Dichloroacetate, an inhibitor of pyruvate dehydrogenase kinase, decreases tumor growth and angiogenesis via suppressing Warburg effect in clear cell renal cell carcinoma^[@CR17]^. On the other hand, many effects resulted from metabolites accumulation are not only due to the changes of metabolic pathways alone. For example, L-2-Hydroxyglutarate (L-2HG), an enantiomer of metabolite 2-hydroxyglutarate, associated with the developmental pathology of brain and kidney cancers via stabilizing hypoxia inducible factor (HIF) proteins^[@CR18]^. Lactate accumulation promotes tumor growth through restraining nuclear factor of activated T cells, diminishing interferon-γ levels, and inhibiting tumor immunosurveillance^[@CR19]^. Increased fumarate due to fumarate hydratase deficient elicits energy metabolism remodeling (EMT) and migratory properties through inhibiting Tet-mediated demethylation and enhancing the expression of EMT-related transcription factors in renal cell cancer^[@CR20]^. Citrate, as a core metabolic intermediate, connects glucose and lipid metabolism^[@CR21]^. Citrate accumulation in bacterium, fruit cells, and lymphocyte has a pivotal role in maintaining the function of bacteria, controlling fleshy fruit acidity and enhancing lymphocyte activation^[@CR22],[@CR23]^. However, whether these metabolites could modulate consequences of tumor cells in a metabolic pathway-independent manner is still unclear.

In this study, we reveal that DNA damage-independent ATM activation (oxidized ATM) induces energy metabolism reprogramming (EMR) through HIF1A-mediated transcriptional upregulating of phosphofructokinase (PFKP) and UBR5-mediated ubiquitination degradation of citrate synthase (CS). Oxidized ATM-mediated increased glucose glycolytic flux mainly affluxes into mitochondrial pyruvate and citrate, resulting in citrate accumulation, which promotes TNBC cell invasion and metastasis by stimulating the AKT/ERK/MMP2/9 signaling cascade.

Materials and methods {#Sec2}
=====================

Cell culture, reagents, plasmids, and cell transfection {#Sec3}
-------------------------------------------------------

BT549 and Hs578T were cultured in RPMI 1640 medium (Gibco-BRL, Australia) containing 10% fetal bovine serum (FBS) (Gibco-BRL, Australia) at 37 °C in humidified atmosphere containing 5% CO~2~ with 1% O~2~ or 21% O~2~. ATM, PFKP, or CS stable knocked down cell lines were produced by lentiviral-mediated transduction using synthetic short hairpin RNA (shRNA) oligonucleotides (GenePharama, Shanghai, China) according to the manufacturer's protocols. The sequences of small interfering RNA and shRNA used were listed in Supplementary Table [1](#MOESM2){ref-type="media"}.

The PFKP promoter containing HIF1A-binding sites (wild type (WT): --GTACGTGGAG--) and its mutant sites (Mut: --GTAgaaaGAG--) were cloned into pGL3 luciferase reporter vector (GenePharma China) to construct the WT or Mut PFKP reporter plasmid. The reagent cisplatin was a gift from the First Affiliated Hospital of Chongqing Medical University; sodium citrate (10 mM, 12 h) was purchased from Sigma-Aldrich (St. Louis, MO, USA); KU60019 (10 μM, 12 h), MG132(40 μM, 12 h), BMS303141 (20 μM, 12 h), and SCH772984 (2 μM, 12 h) were from Selleck (USA). All experiments were performed at least three times.

RNA preparation and quantitative real-time PCR {#Sec4}
----------------------------------------------

Total RNAs were isolated from BT549 and Hs578T with Trizol (Invitrogen) according to the manufacturer's instruction. The cDNA used for quantitative reverse transcriptase PCR (qRT-PCR) were obtained from the purified RNA using a PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). The qRT-PCR was operated in triplicate using the SYBR Premix Ex TaqTM (Takara). Relative gene expressions were calculated to β-actin. The primers were listed in Supplementary Table [2](#MOESM2){ref-type="media"}. All experiments were performed at least three times.

Luciferase assay {#Sec5}
----------------

BT549 cells (8 × 10^4^ cells/well) were seeded into 24-well plates. The next day, pGL3-control reporter (0.25 μg), pGL3-PFKP WT reporter (0.25 μg), or pGL3-PFKP mutant reporter (0.25 μg) with pCMV-*Renilla* control were co-transfected into BT549 cells using Lipofectamine 2000. Following the transfection for 48 h, the cells were cultured in hypoxia more than 12 h, and cell lysates were collected and luciferase activities were detected with a Dual-Luciferase Reporter System (Promega, USA). The experiment was performed in triplicate.

Chromatin immunoprecipitation {#Sec6}
-----------------------------

BT549 were seeded at a density of 1 × 10^6^ cells in 10 mm dishes. After cultured in hypoxia with 1% O~2~ for 18 h, formaldehyde (4 °C, 12 min) and glycine (0.125 mol/L) were used. Chromatin was sheared into small fragments with the use of sonication. The anti-HIF1A antibody (Abcam) and protein G beads were used to pull down the target protein. The target protein was digested with proteinase K (45 °C, 50 min). HSYBR qPCR Mix (Zomanbio) was used to collect and purify target protein-bound DNA. The potential HIF1A-binding site (E1) was amplified using the primers as follows: forward: 5′-CAACTGCGGGGTTTCCACC-3′; reverse: 5′-CCGGGGTCACATCGTTTGC-3′. All experiments were performed at least three times.

Immunohistochemistry {#Sec7}
--------------------

Tumors and normal tissues used for immunohistochemistry (IHC) staining, which was manipulated as described previously^[@CR24]^, were obtained from the patients (without radiotherapy or neoadjuvant chemotherapy treatment) with breast cancer at the First Affiliated Hospital of Chongqing Medical University. The primary antibody against p-ATM (1:200, Abcam), anti-PFKP (1:200, CST), anti-CS (1:200, CST), and secondary antibody (1:1000, ZSBIO) were used. The images were captured and evaluated by the Image-Pro 6.0 software (Media Cybernetics, Rockville, MD, USA) and scored by mean optical density (density/area). p-ATM, PFKP, and CS staining were scored into five intensities: 0, no staining; 1 + , 1--25%; 2 + , 26--50%; 3 + 51--75%; and 76--100%.

Immunofluorescence {#Sec8}
------------------

Immunofluorescence assay was performed as described previously in detail^[@CR25]^. Cells were cultured in normoxia and treated with cisplatin (10 μg/ml) or exposed to hypoxia for 8 h. The primary antibodies against γH2AX (1:200 CST), p-53BP1 (1:200 Abcam), and fluorescein isothiocyanate-labeled anti-goat secondary antibody (ZSBIO China) were used. Cell nuclei were stained with 4′,6-diamidino-2-phenylindole and the images were captured by a Nikon Eclipse 80i microscope (Eclipse 80i, Tokyo, Japan). All experiments were performed at least three times.

Western blot assays {#Sec9}
-------------------

Western blotting was performed as previously described^[@CR26]^. The primary antibodies used in this study are as follow: anti-ATM (1:1000, CST), anti-p-ATM (S1981) (1:1000, CST), anti-H2AX (1:1000, CST), anti-γ-H2AX (S391) (1:1000, CST), anti-GAPDH (1:1000, CST), anti-PFKP (1:1000, CST), anti-B56γ2 (1:1000 Abcam), anti-CS (1:1000, CST), anti-E-Cadherin (1:1000, CST), anti-Vimentin (1:1000, CST), anti-ERK (1:1000, CST), anti-p-ERK (1:1000, CST), anti-AKT (1:1000, CST), anti-p-AKT (1:1000, CST), anti-Ub (1:2000, Abcam), anti-UBR5 (1:1000, Abcam), anti-HIF1A (1:1000, Abcam), anti-MMP2 (1:1000, Abcam), and anti-MMP9 (1:1000, Abcam). The proteins were visualized using the enhanced chemiluminescence system (Amersham Pharmacia Biotech). All experiments were performed at least three times.

Immunoprecipitation {#Sec10}
-------------------

Cells were seeded into six-well plates at a density of 2 × 10^5^ cells in 2 ml RPMI 1640 per well and transfected with constructor and/or treated with specific reagents according to the designed experiments. After 16 h, cells were collected and lysed in NP-40 buffer. Anti-CS agarose beads were used to pull down CS. All experiments were performed at least three times.

Cell migration and invasion assays {#Sec11}
----------------------------------

A modified Boyden chamber assay was employed for cell migration and invasion assays as described previously^[@CR25]^. In brief, 3 × 10^4^ cells in 200 μl of FBS-free medium were seeded in the wells of 8 μm-pore Boyden chamber (Millipore Darmstadt, Germany) coated with (for invasion) or without (for migration) 1:7.5 diluted Matrigel (Sigma, St. Louis, MO). Cells were maintained in hypoxic condition for 6--8 h. After removing the MatriGel in the chamber using a cotton applicator, the invaded cells on the opposed filter were stained with hematoxylin in methanol, counted in five of the randomly selected visible views. All experiments were performed at least three times.

Glucose consumption, lactate, ATP, citrate, mitochondrial citrate, succinate, pyruvate, acetyl-CoA, fumarate production, and PFKP and CS activity assays {#Sec12}
--------------------------------------------------------------------------------------------------------------------------------------------------------

Cells were seeded into six-well plates at a density of 1 × 10^6^ cells in 2 ml RPMI 1640 medium per well and cultured overnight. Cells were then treated with or without 10 μM KU60019 and maintained at 1% O~2~ for 10--12 h. Glucose consumption, lactate production, ATP production, citrate production, succinate production, fumarate production, and PFKP and CS activity were detected using glucose assay kit (Solarbio® BC2500), LA assay kit (Solarbio® BC2230), ATP content assay kit (Solarbio® BC0300), citric acid (CA) content assay (Solarbio® BC2150), micro mitochondrial citric acid content assay kit (Solarbio® BC2175), succinate colorimetric assay kit (Sigma® MAK184), pyruvate (PA) assay kit (Solarbio® BC2200), acetyl-CoA assay kit (Solarbio® BC0980), fumarate assay kit (Sigma® MAK060), PFKP test kit (Nanjing Jiancheng Bioengineering Institute A129), and citroyl synthetase kit (Nanjing Jiancheng Bioengineering Institute A108) according to instruction of the manufacturers, respectively. All experiments were performed at least three times and the data were normalized by the cell numbers or protein content.

Oxygen consumption rate {#Sec13}
-----------------------

Mitochondrial oxygen consumption rate (OCR) was assessed using a Seahorse XF24 Extracellular Flux Analyzer (Seahorese Bioscience). BT549 and Hs578T with or without shATM and parent cells were seed at a density of 20,000 cells in XF24 cell culture microplate. After 8 h incubation, the parent cells were treated with or without KU60019 (10 μM) in RPMI 1640 medium with 10% FBS and all cells were continuously incubated for 12 h in hypoxia. Before the assay, the culture medium was changed to XF base media as recommended by Seahorse Bioscience. The ATP synthase inhibitor Oligomycin A (2 μM), the ATP synthesis uncoupler carbonyl cyanide-4-trifluoromethoxyphenylhydrazone FCCP (1.5 μM), the complex I inhibitor rotenone (2 μM), and complex III inhibitor antimycin A (2 μM) were used to determine OCR parameters. OCR is shown in pmol/min. All experiments were performed at least three times.

Flow cytometry {#Sec14}
--------------

Mitochondrial activity was measured by Mitotracker Green FM. In short, BT549 and Hs578T parent cells, and the BT549 and Hs578T with or without ATM were seeded at 1.5 × 10^5^ cells/well. After culture under normoxia for 24 h, parent cells were treated with 10 μM of KU60019 and incubated in 1% O~2~ for around 12 h, and then 10 nM of MitoTracker Green FM dye (Invitrogen) were added to all cells and continuously incubated for 1 h at 37 °C before dying. Cells were collected by trypsinization, washed, and re-suspended in phosphate-buffered saline, followed by flow cytometry. The data were analyzed using FlowJo software. All experiments were performed at least three times.

Orthotopic xenografts and metastasis analysis {#Sec15}
---------------------------------------------

The animal experiments were approved by animal care ethics committees at Chongqing Medical University. Four-week-old female nude mice (*n* = 5/group) were randomized to receive 1 × 10^5^ BT549-shATM, BT549-shPFKP, BT549-shCS, or their controls BT549-shNC cells by subcutaneous inoculation. The mice transplanted with BT549-shATM were treated with citrate or not. Tumor size was assessed by measuring the longest diameter and the widest vertical width of tumors with a caliper every 3 days. At the end of animal experiments, xenografted tumors and mice lungs were excised and serially sectioned into 4 μm sections, and followed by staining with IHC or hematoxylin and eosin for a subsequent blinded evaluation of metastatic foci.

Statistical analysis {#Sec16}
--------------------

Statistical significance was performed with SPSS 17.0 software. All experiments were repeated in triplicate and the results are presented as the means ± SD. The continuous variables between two groups were analyzed using the independent Student's *t*-test. *P*-value \<  0.05 was considered statistically significant.

Result {#Sec17}
======

DNA damage-independent ATM (oxidized ATM) levels are tightly associated with the migration and invasion potential of TNBC cells {#Sec18}
-------------------------------------------------------------------------------------------------------------------------------

Our and other previous studies have demonstrated that oxidized ATM, a DNA damage-independent ATM (with an activated p-ATM (s1981) but not γ-H2AX expression), is present in hypoxic fibroblasts and breast CAFs^[@CR12],[@CR27]^. To understand the endogenous oxidized ATM in breast cancer cells, p-ATM (s1981) and γ-H2AX (s139) (a biomarker of DNA damage-dependent protein), were determined in a set of normoxic breast cancer cells. A relative stronger endogenous oxidized ATM was seen in TNBC cell lines, such as MDA-MB-231, BT549, and Hs578T cell (Fig. [1a](#Fig1){ref-type="fig"}). Consistently, higher levels of activated ATM were found in advanced TNBC (Fig. [1b](#Fig1){ref-type="fig"} and [S1A](#MOESM1){ref-type="media"}). Hypoxia and intracellular reactive oxygen species (ROS) are essential stimulating factors to ATM^[@CR27]^. Therefore, we determined the levels of oxidized ATM in hypoxic BT549 and Hs578T cells. As expected, oxidized ATM was significantly induced by hypoxia (1% O~2~, 12 h) without a notable effect of DNA damage monitoring by γ-H2AX and p-53BP1, two well-known biomarkers of DNA damage^[@CR8]^ (Figure [S1B](#MOESM1){ref-type="media"} and [S1C](#MOESM1){ref-type="media"}). The expression levels of HIF1A, a major transcriptional regulator of the cellular response to hypoxia, were also enhanced in the presence of hypoxia (Figure [S1B](#MOESM1){ref-type="media"}). Moreover, cell migration and invasion potential of hypoxic BT549 and Hs578T cells were increased compared with the corresponding normoxic cells (Fig. [1c](#Fig1){ref-type="fig"} and [S2A](#MOESM1){ref-type="media"}). Depletion of ATM expression by shRNA or inhibiting oxidized ATM activation in hypoxia using KU60019 (a specific inhibitor of ATM) (Fig. [1d, e](#Fig1){ref-type="fig"}) led to reduced cell migration and invasion of hypoxic BT549 and Hs578T cells (Fig. [1f](#Fig1){ref-type="fig"} and [S2B](#MOESM1){ref-type="media"}), without affecting cell proliferation and apoptosis (Figure [S2C](#MOESM1){ref-type="media"}-[S2D](#MOESM1){ref-type="media"}). However, there was only the marginally suppressive effect of KU60019 on p-ATM (Fig. [1e](#Fig1){ref-type="fig"}) and the capacity of migration and invasion (Figs. [S2B](#MOESM1){ref-type="media"} and [1f](#Fig1){ref-type="fig"}) in normoxic cells, which may be due to the low levels of p-ATM in normoxic breast cancer cells. These data indicate that oxidized ATM can be aberrantly activated in hypoxia, which is involved in breast cancer migration and invasion.Fig. 1DNA damage-independent ATM enhanced TNBC cells migration and invasion.**a** Endogenous DNA-independent ATM (p-ATM (s1981)) was determined in various breast cancer cells in normoxia by western blotting. **b** The expression of p-ATM (s1981) protein in normal tissues, different stages of breast tumor tissues (left), and different type of breast cancer (right) of IHC were shown. **c** BT549 and Hs578T cells were cultured in normoxia (21% O~2~) or hypoxia (1% O~2~, 12 h). Cell migration and invasion were tested by transwell assay. The quantitative diagram of invaded cells was shown. **d**, **e** BT549 (left) and Hs578T (right) cells were cultured in hypoxia or normoxia for 12 h. Efficiencies of ATM silence in the indicated cells were determined by qRT-PCR (**d**) and western blotting (**e**). **f** BT549 and Hs578T cells cultured in normoxia or hypoxia. Cell migration and invasion potentials were tested by transwell assay. The quantitative diagrams of invaded cells are shown (NS, no significance; \*\**P* \< 0.01)

Oxidized ATM enhances EMR {#Sec19}
-------------------------

Our previous studies indicate that oxidized ATM has a pivotal role in cell biological process^[@CR12]^. As EMR and hypoxia are hallmarks of tumor tissues^[@CR28]^. We sought to understand whether oxidized ATM-induced breast cancer cell migration and invasion were related to hypoxia-mediated EMR. Glucose consumption and metabolites were thus analyzed and compared between normoxic and hypoxic BT549 and Hs578T cells. A moderate increased lactate was detected in cells after hypoxia exposure (Fig. [2a](#Fig2){ref-type="fig"}). whereas remarkable enhanced glucose consumption (Fig. [2b](#Fig2){ref-type="fig"}), pyruvate production (Fig. [2c](#Fig2){ref-type="fig"}) and acetyl-CoA production (Fig. [2d](#Fig2){ref-type="fig"}), OxPhos (Fig. [2e](#Fig2){ref-type="fig"}), maximal respiration (Fig. [2f](#Fig2){ref-type="fig"}), and mitochondrial activity (Fig. [2g](#Fig2){ref-type="fig"}) were observed in hypoxic cells compared with normoxic cells. Moreover, 2-deoxy-[d]{.smallcaps}-glucose (a glucose analog that inhibits glycolysis) attenuated the increase of pyruvate, lactate, and acetyl-CoA induced by hypoxia in both BT549 and Hs578T cells (Figure [S3A](#MOESM1){ref-type="media"}--[S3C](#MOESM1){ref-type="media"}). These findings indicate an altered glucose metabolic profile in breast cancer cells under hypoxia, where pyruvate is most likely to be metabolized into acetyl-CoA rather than lactate. To determine whether oxidized ATM was associated with the hypoxia-induced metabolic changes, we examined glucose consumption, metabolites, OCR, mitochondrial activity, as well as activated oxidized ATM in hypoxic and normoxic cells. As shown in Fig. [3](#Fig3){ref-type="fig"}, inactivation of oxidized ATM by KU60019 or genetic knockdown of ATM using shRNA led to a significant decrease in glucose consumption (Fig. [3a](#Fig3){ref-type="fig"}), pyruvate (Fig. [3b](#Fig3){ref-type="fig"}) and acetyl-CoA productions (Fig. [3d](#Fig3){ref-type="fig"}), OxPhos (Figure [S3D](#MOESM1){ref-type="media"}), maximal respiration (Fig. [3e](#Fig3){ref-type="fig"}), and mitochondrial activity (Fig. [3f](#Fig3){ref-type="fig"}) in BT549 and Hs578T cells after hypoxia exposure. A moderate reduction of lactate was also found in these hypoxic cells (Fig. [3c](#Fig3){ref-type="fig"}). In addition, suppression of oxidized ATM only had the marginal effect on EMR in normoxic breast cancer cells (Fig. [3a--f](#Fig3){ref-type="fig"} and Figure [S3D](#MOESM1){ref-type="media"}). These data signify increased atypical Warburg effect and active mitochondrial metabolism in hypoxia breast cancer cells and support the importance of oxidized ATM in regulation of EMR under hypoxia.Fig. 2Evaluation of EMR profile in TNBC cells in presence or absence of hypoxia.**a**--**g** BT549 and Hs578T cells were cultured in hypoxia (1% O~2~, 12 h) or normoxia. **a** Lactate production, **b** glucose consumption level, **c** pyruvate production, **d**, and acetyl-CoA were measured using reagent kit according to the instruction of the manufacturers, respectively. **e** Mitochondrial functions were measured in the form of OCR. **f** Maximal OCR stimulated with FCCP are shown. **g** Mitochondrial mass was assessed with Mitotracker staining. Relative mitochondrial activities in cells treated with hypoxia were showed as relative fold changes to their controls (NS, no significance; \**P* \< 0.05; \*\**P* \< 0.01)Fig. 3Evaluation of oxidized ATM-mediated EMR in TNBC cells in the presence or absence of hypoxia.BT549 and Hs578T parent cells or ATM-knocked down cells were cultured with indicated treatment. **a** Glucose consumption, **b** pyruvate,**c** lactate, and **d** acetyl-CoA productions were measured according to instruction of reagent kit, respectively. **e** Maximal OCR stimulated with FCCP are shown. **f** Mitochondrial mass was assessed with Mitotracker staining. Relative mitochondrial activities in cells treated with KU60019 or ATM-silenced cells are showed as relative fold changes to their controls. (NS, no significance; \**P* \< 0.05; \*\**P* \< 0.01)

Oxidized ATM promotes citrate accumulation through regulating PFKP and CS {#Sec20}
-------------------------------------------------------------------------

We next studied whether oxidized ATM had an effect on mitochondrial metabolism in hypoxic breast cancer cells. Intermediates of oxidative phosphorylation in tricarboxylic acid (TCA) cycle were detected in BT549 and Hs578T cells (Fig. [4](#Fig4){ref-type="fig"} and Supplementary Figure [4](#MOESM1){ref-type="media"}). However, hypoxia-induced activation of oxidized ATM had a more significant effect on citrate production (Fig. [4a, b](#Fig4){ref-type="fig"}) than the downstream intermediates of TCA cycle, such as succinate and fumarate (Figure [S4A](#MOESM1){ref-type="media"}--[S4D](#MOESM1){ref-type="media"}). We found that both PFKP and CS gene expressions (Fig. [4c, d](#Fig4){ref-type="fig"}), as well as the activities (Figure [S4E](#MOESM1){ref-type="media"}-[S4H](#MOESM1){ref-type="media"}), were sharply increased in BT549 and Hs578T cells exposed to hypoxia, and were attenuated by KU60019 treatment or ATM knockdown under hypoxia. There were no significant changes in other enzymes related to glycolysis and TCA (data were not shown). In addition, inactivation of oxidized ATM had no significant effects on the production of citrate (Fig. [4b](#Fig4){ref-type="fig"}), PFKP, and CS expression (Fig. [4d](#Fig4){ref-type="fig"}), and their enzyme activities (Figure [S4F](#MOESM1){ref-type="media"} and [S4H](#MOESM1){ref-type="media"}) in BT549 and Hs578T in the absence of hypoxia.Fig. 4Oxidized ATM promotes intercellular citrate accumulation by upregulating PFKP and CS in hypoxic TNBC cells.**a** Intracellular citrate of BT549 and Hs578T treated with or without hypoxia (1% O~2~, 12 h) were measured by LA Assay Kit. **b** Intercellular citrate was measured by LA Assay Kit with indicated culture. **c** PFKP and CS expression of BT549 and Hs578T treated with or without hypoxia were determined by western blotting. **d** PFKP and CS expression of BT549 (left) and Hs578T (right) with indicated treatments were tested by western blotting. **e** Intracellular citrate was determined in hypoxic BT549 and Hs578T with shRNA against shPFKP, shCS, and their control cells. **f** Ectopic PFKP or CS was transfected into ATM-knocked down, hypoxic BT549 and Hs578T cells, and intracellular citrate were measured. **g** PFKP and CS proteins in normal and different grade breast tumor tissues were detected with IHC staining. The quantitative diagram of PFKP or CS expression were shown. **h** Citrate levels in breast tumor tissues and normal tissues were detected. **i** Bioinformatics analysis of PFKP (left) and CS (right) in breast cancer patients from METABRIC database (\**P* \< 0.05; \*\**P* \< 0.01)

Next, we explored the effects of PFKP and CS on citrate production in hypoxia. Knockdown of PFKP or CS expression by shRNA (Figure [S5A](#MOESM1){ref-type="media"}-[S5B](#MOESM1){ref-type="media"}) significantly decreased citrate production in BT549 and Hs578T cells under hypoxia (Fig. [4e](#Fig4){ref-type="fig"}). Transfection of PFKP or CS into the ATM knockdown hypoxic BT549 and Hs578T cells (Figure [S5C](#MOESM1){ref-type="media"}) rescued citrate amounts (Fig. [4f](#Fig4){ref-type="fig"}), suggesting that oxidized ATM can augment citrate accumulation in hypoxic TNBC through upregulating PFKP and CS expression. In line with the findings in vitro, enhanced PFKP and CS protein levels were detected in higher grade breast tumor tissues than those in normal and lower grade tumor tissues by IHC (Fig. [4g](#Fig4){ref-type="fig"} and Figure [S5D](#MOESM1){ref-type="media"}). Consistently, a positive correlation between p-ATM and PFKP (Figure [S5E](#MOESM1){ref-type="media"}) or CS (Figure [S5F](#MOESM1){ref-type="media"}) was found in 73 clinical breast cancer samples. Accordingly, similar changes of citrate levels were detected in these breast tumors (Fig. [4h](#Fig4){ref-type="fig"}) with their PFKP and CS protein levels. Analysis of database from the Cancer Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC), high levels of PFKP expression were observed in the malignant basal-like breast cancer patients and higher levels of CS expression was positively correlated with worse overall survival of breast cancer patients (Fig. [4i](#Fig4){ref-type="fig"} and Figure [S5G](#MOESM1){ref-type="media"}-[S5H](#MOESM1){ref-type="media"}).

PFKP and CS knockdown cells were then used to evaluate the effects of PFKP and CS on migration and invasion of breast cancer cells. Similar to loss of ATM function (with shRNA and KU60019), silence of PKFP or CS gene expression in BT549 and Hs578T cells notably attenuated cell migration and invasion induced by hypoxia (Fig. [5a--d](#Fig5){ref-type="fig"} and [S6](#MOESM1){ref-type="media"}A-[S6D](#MOESM1){ref-type="media"}). No changes were seen in cell migration and invasion in normoxic cells after PFKP or CS gene was knocked down (Figure [S6E](#MOESM1){ref-type="media"}-[S6F](#MOESM1){ref-type="media"}). Interestingly, exogenous citrate can partially restore the migration and invasion of BT549 and Hs578T cells with loss of ATM, PFKP, or CS function (Fig. [5a--d](#Fig5){ref-type="fig"} and [S6](#MOESM1){ref-type="media"}A--[S6D](#MOESM1){ref-type="media"}). Moreover, the reduced potential of cell migration and invasion by loss of oxidized ATM was rescued by ectopical expression of PFKP or CS in both hypoxic BT549 and Hs578T cells (Fig. [5e](#Fig5){ref-type="fig"} and Figure [S6G](#MOESM1){ref-type="media"}). There was no significant difference in cell proliferation between ATM, PFKP, or CS knockdown cells and the corresponding control cells in hypoxia (Figure [S6H](#MOESM1){ref-type="media"}).Fig. 5Evaluation of cell migration and invasion potential in hypoxic TNBC cells with different treatments and gene loss.**a**--**d** The indicated hypoxic TNBC cells treated with or without KU60019, or knocked down indicated genes, were used. Exogenous citrate was added in the case as shown. Cell migration and invasion potentials were evaluated by transwell assay. The quantitative diagrams of invaded cells are shown. **a** TNBC cells treated with or without KU60019; **b** knockdown of ATM; **c** PFKP-silenced; **d** CS-silenced; and **e** ectopic PFKP or CS in ATM-deficient cells. Scale bar, 100 μm (\*\**P* \< 0.01)

Recent studies suggest that DNA damage-independent ATM enhances metastasis via suppressing B56γ2 in the colon^[@CR29]^ or upregulating interleukin (IL)-8 in breast cancer^[@CR30]^. To address whether citrate accumulation was related to B56γ2 or IL-8, shRNA against B56γ2 or exogenous IL-8 was transfected into hypoxic BT549 and Hs578T cells. We found that knockdown of B56γ2 or ectopical expression of IL-8 in ATM-depleted BT549 and Hs578T cells did not increase citrate production in the presence of hypoxia (Figure [S7A](#MOESM1){ref-type="media"}--[S7C](#MOESM1){ref-type="media"}). These data demonstrate that oxidized ATM has a crucial role in citrate accumulation in hypoxic breast cancer cells.

Oxidized ATM regulates PFKP and CS via HIF1A and UBR5 at different mechanisms {#Sec21}
-----------------------------------------------------------------------------

The above findings prompted us to seek how the oxidized ATM regulated PFKP and CS. A transcriptional expression of PFKP (Fig. [6a, b](#Fig6){ref-type="fig"}), rather than CS (Fig. [7a, b](#Fig7){ref-type="fig"}), was found along with the activation of oxidized ATM in hypoxic BT549 and Hs578T cells, suggesting oxidized ATM may regulate PFKP expression at the transcription level and regulate CS by posttranscriptional modification. HIF1A, a transcription factor, was potentially regulated by oxidized ATM^[@CR31]^ (Fig. [6c](#Fig6){ref-type="fig"}) and higher levels of HIF1A were positively associated with PFKP levels based on the analysis of the METABRIC database (Fig. [6d](#Fig6){ref-type="fig"}) and TCGA database (Figure [S7D](#MOESM1){ref-type="media"}). Depletion of HIF1A by shRNA resulted in PFKP expression in hypoxic BT549 and Hs578T cells (Fig. [6e](#Fig6){ref-type="fig"}). Consistently, ectopic expression of HIF1A in ATM-depleted cells restored PFKP expression in the presence of hypoxia (Fig. [6f](#Fig6){ref-type="fig"}). To further examine whether PFKP was a direct transcriptional target of HIF1A, a bioinformatic analysis was performed to identify potential HIF1A consensus (E1) in the PFKP promoter (Fig. [6g](#Fig6){ref-type="fig"}), which was further confirmed by chromatin immunoprecipitation (Fig. [6h](#Fig6){ref-type="fig"}) and luciferase reporter assay (Fig. [6i](#Fig6){ref-type="fig"}). These observations indicate that oxidized ATM-mediated increased HIF1A has the potential to transcriptionally regulate PFKP expression in hypoxic TNBC cells.Fig. 6Oxidized ATM-mediated HIF1A transcriptionally regulates PFKP expression in TNBC cells.**a** BT549 and Hs578T cells treated with or without hypoxia (1% O~2~, 12 h) and mRNA levels of PFKP were determined by qRT-PCR. **b** BT549 and Hs578T cells treated with DMSO or KU60019, or transfected with shRNA against ATM were cultured in hypoxia (1% O~2~, 12 h), and mRNA levels of PFKP were determined by qRT-PCR (\*\**P* \< 0.01). **c** The expression of HIF1A in hypoxia (1% O~2~, 12 h) were tested by western blotting. **d** A positive correlation between HIF1A and PFKP levels in breast cancer was shown. Data based on METABRIC database. **e** Efficiencies of shRNAs against HIF1A in hypoxia (1% O~2~, 12 h) and the expression of PFKP were evaluated using western blotting. **f** PFKP proteins were detected by western blotting in ATM-deficient BT549 and Hs578T rescued with ectopic HIF1A. **g** Schematic diagram of canonical HIF1A-binding motif (JASPAR Database) and a potential HIF1A responsive element (E1) in the PFKP promoter region. TSS is the transcriptional start site of PFKP. **h** HIF1A bound to the promoter of PFKP, as determined by the chromatin immunoprecipitation assay. VEGF worked as a positive control. **i** Transcriptional effect of HIF1A on PFKP was determined by luciferase reporter activity assay as cells were transfected with pGL3-vector, pGL3-PFKP-promoter-WT, or pGL3-PFKP-promoter-MT with pCMV-*Renilla* controlFig. 7Oxidized ATM upregulates CS in TNBC cells through the inhibition of ubiquitination and degradation of CS proteins regulated by UBR5.**a** BT549 and Hs578T cells treated with or without hypoxia (1% O~2~, 12 h) and mRNA levels of CS were determined by qRT-PCR. **b**. BT549 and Hs578T cells treated with DMSO or KU60019, or transfected with shRNA against ATM were cultured in hypoxia (1% O~2~, 12 h), and mRNA levels of CS were determined by qRT-PCR (\*\**P* \< 0.01). **c** Decrease of CS protein in KU60019-treated TNBC cells was restored by MG132 in hypoxia (1% O~2~, 12 h) analyzed using western blotting. **d** Pearson's correlations between UBR5 and CS were shown according to METABRIC database. **e** The indicated TNBC cells transfected with shUBR5 and treated with or without KU60019. Efficiencies of shRNAs against UBR5 and CS protein levels were determined using western blot assay. **f** Ectopic UBR5-mediated CS protein levels were tested by western blotting. **g** Interaction between endogenous UBR5 and CS in hypoxic (1% O~2~, 12 h) BT549 and Hs578T cells were detected by immunoprecipitation assay. **h** The ubiquitinylation levels of CS was measured by immunoprecipitation assay in BT549 and Hs578T cells with indicated culture when MG132 existed under hypoxia

On the other hand, CS protein levels (Fig. [4c](#Fig4){ref-type="fig"}), but not mRNA levels (Fig. [7a, b](#Fig7){ref-type="fig"}), were affected by oxidized ATM, as evidenced by blockage of proteasome degradation using MG132 increased CS protein levels in KU60019-treated cells (Fig. [7c](#Fig7){ref-type="fig"}). These data also suggest oxidized ATM may regulate CS protein stability by the ubiquitin-proteasome pathway. Using qRT-PCR analysis, we found that UBR5 was significantly increased by oxidized ATM among these genes encoding E3 ubiquitin ligases (Figure [S7E](#MOESM1){ref-type="media"}). UBR5 expression was negatively related with CS levels in breast cancer analyzed using METABRIC database (Fig. [7d](#Fig7){ref-type="fig"}) and TCGA database (Figure [S7F](#MOESM1){ref-type="media"}). In line with these data, knockdown of UBR5 increased CS protein levels in ATM-inactivated BT549 and Hs578T cells (Fig. [7e](#Fig7){ref-type="fig"}), and overexpression of UBR5 led to decreased CS protein levels in BT549 and Hs578T cells (Fig. [7f](#Fig7){ref-type="fig"}), suggesting that UBR5 downregulates CS at the posttranslational level. To further study whether UBR5 acted as a ubiquitin ligase for CS, protein interaction between UBR5 and CS was examined by immunoprecipitation-western blotting (IP-WB). As shown in Fig. [7g](#Fig7){ref-type="fig"}, UBR5 was identified in the CS immunocomplexes. Moreover, UBR5 facilitated ubiquitination of CS protein in hypoxic BT549 and Hs578T cells, and knockdown of URB5 mitigated its ubiquitination to CS (Fig. [7h](#Fig7){ref-type="fig"}). Collectively, these data demonstrate that oxidized ATM promotes PFKP expression through HIF1A-mediated transcriptional regulation, whereas it enhances CS proteins through inhibiting ubiquitination-mediated CS degradation by UBR5.

Intracellular citrate enhances cell migration and invasion via AKT/ERK/MMP2/9 signaling axis {#Sec22}
--------------------------------------------------------------------------------------------

To understand cellular distribution of citrate, mitochondria were detached from the cytoplasm in BT549 and Hs578T cells. Interestingly, there was more cytoplasmic citrate than mitochondrial citrate in these cells along with the activation of oxidized ATM after hypoxia exposure, indicating oxidized ATM promoted cytoplasmic citrate accumulation (Figure [S8A](#MOESM1){ref-type="media"}-[S8B](#MOESM1){ref-type="media"}). It was reported that cytoplasmic citrate could contribute to de novo fatty acid synthesis via acety-CoA^[@CR32]^ and whether the process affecting cell migration and invasion remains unclear. Addition of exogenous citrate to ATM-, PFKP-, or CS-knockdown BT549 and Hs578T cells partially rescued potential of cell migration and invasion (see Fig. [5](#Fig5){ref-type="fig"}). Moreover, treatment of ACLY inhibitor (BMS303141) in the presence of exogenous citrate in conjunction with inhibited conversion of citrate into Acetyl-CoA in de novo fatty acid synthesis, but it cannot abrogate exogenous citrate-induced migration and invasion (Figure [S8C](#MOESM1){ref-type="media"}--[S8D](#MOESM1){ref-type="media"}). This finding indicated that other signal pathways may be involved in the process of TNBC cell migration and invasion. In the hippocampus, the increased CS activity have a close relationship with neprilysin, IDE, MMP9, LRP1, and HSP70, indicating that citrate may influence MMP9 expression^[@CR33]^. MMP2 and MMP9, two well-known proteins related with tumor invasion (Figure [S8E](#MOESM1){ref-type="media"}--[S8G](#MOESM1){ref-type="media"}), were decreased in hypoxic BT549 and Hs578T cells transfected with shATM, shPFKP, or shCS compared with their control cells (Fig. [8a](#Fig8){ref-type="fig"}), and increased in ATM knockdown BT549 and Hs578T cells under combined treatment with citrate under hypoxia (Fig. [8b](#Fig8){ref-type="fig"}). Both phosphorylated ERK and AKT were reduced, and decreased p-ERK proteins were more significantly than p-AKT in hypoxic BT549 and Hs578T cells expressing shATM, shPFKP, or shCS (Fig. [8c](#Fig8){ref-type="fig"}). Inhibition of ERK signaling by SCH772984 (an inhibitor of ERK) resulted in a reduction in citrate-induced MMP2 and MMP9 upregulation, as well as cell migration and invasion (Fig. [8d--f](#Fig8){ref-type="fig"}). Taking together, these data suggest that metabolic citrate promotes TNBC cell migration and invasion via the AKT/ERK/MMP2/9 signaling cascade.Fig. 8The enhanced citrate promotes TNBC cell migration and invasion via the AKT/ERK/MMP2/9 signaling axis.**a** MMP2 and MMP9 levels were measured by western blotting in hypoxic (1% O~2~, 12 h) BT549 and Hs578T transfected with shATM, shPFKP, shCS, and control shRNA. **b** Western blotting was used to determine MMP2 and MMP9 expressions in ATM-knocked down BT549 and Hs578T cells treated with or without exogenous sodium citrate. **c** BT549 and Hs578T cells with shRNA against ATM, PFKP, or CS were cultured hypoxia (1% O~2~, 12 h). AKT, p-AKT, ERK, and p-ERK levels were evaluated by western blotting. **d**--**f** ATM-knocked down BT549 and Hs578T cells were cultured under combined treatment with or without citrate and ERK inhibitor (SCH772984) in hypoxia. **d** The indicated proteins levels were detected by western blotting. **e**, **f** Cell migration and invasion were tested using transwell assay. Migr: migration, Inv: invasion. \*\**P* \< 0.01

Oxidized ATM promotes TNBC metastasis in vivo {#Sec23}
---------------------------------------------

To expand our in vitro findings, we tested whether oxidized ATM could augment breast cancer metastasis in vivo using an orthotopic mouse model. As shown in Figs. [9a--c](#Fig9){ref-type="fig"}, knockdown of ATM, PFKP, or CS suppress tumor metastasis and citrate production, and addition of citrate to mice restored the metastatic potential impaired by ATM inactivation. Consistent with in vitro data, lower levels of PFKP and CS proteins were detected in the ATM-inactivated xenografts (Fig. [9d--f](#Fig9){ref-type="fig"}). Not surprisingly, the levels of MMP2 and MMP9 were reduced in xenografts from mice receiving ATM, PFKP, or CS knockdown cells (Fig. [9g--i](#Fig9){ref-type="fig"}). Moreover, increased MMP2 and MMP9 protein level were seen in the xenografts when citrate was restored (Fig. [9g--i](#Fig9){ref-type="fig"}). All these data support that oxidized ATM can promote hypoxic breast cancer metastasis, which is through regulation of EMR-related PFKP and CS, and eventually leads to cellular citrate accumulation and activation of the ERK/MMP2/9 signaling cascade (Fig. [9j](#Fig9){ref-type="fig"}).Fig. 9Enhanced effects of oxidized ATM on metastasis of TNBC in vivo.**a** Representative images of metastases in mice lung examined by H&E staining (scale bar, 20 μm and **b** the quantitative diagrams of metastases in mice lung. **c** Citrate contents in mice tumors. The citrate content was normalized by quality of tissue. **d**--**f** Expressions of p-ATM, PFKP, and CS of mouse tumor tissues were detected by western blotting (**d**) and IHC (**e**) (scale bar, 20 μm). **f** The quantitative diagram of **e** were shown. **g**--**i** Expressions of MMP2 and MMP9 in mouse tumor tissues were detected by western blotting (**g**) and IHC (**h**) (scale bar, 20 μm). **i** The quantitative diagram of **h** were shown. **j** A schematic diagram depicts the role of oxidized ATM promoting TNBC cell invasion and metastasis via EMR-mediated of citrate accumulation to activate AKT/ERK/MMP2/9 signaling

Discussion {#Sec24}
==========

There are two kinds of activated ATM, double-strand break (DSB)-dependent and DSB-independent ATM (called oxidized ATM) in cells. In general, DSB-dependent ATM works as a key protein in DNA damage repairing, in order to maintain genome stability^[@CR6]^. Recently, it has been reported that ATM can be phosphorylated under ROS stimulation in DNA damage-independent pattern, which has a critical role in maintaining tumor cell proliferation and apoptosis resistance^[@CR9]^. Here we unravel a new function of DSB-independent ATM in regulation of EMR to accumulate citrate in breast cancer cells under hypoxic condition and eventually promote tumor cell invasion and metastasis.

Our study provide evidence that hypoxia-induced oxidized ATM involves in non-canonical Warburg effect and EMR by regulating PFKP and CS expression, two key enzymes in glucose metabolism. In most cases, the classic Warburg effect in some of tumor cells is strengthened via enhanced metabolism-associated gene expressions or enzyme activation such as GLUT1, LDHA, and PCK2 in rapid conversion of glucose into lactate for generating ATP and metabolites (e.g., phosphoenol pyruvate, pyruvate, NADH, glycine, and succinyl-CoA), in order to maintain cell growth and proliferation^[@CR34],[@CR35]^. Although non-classical Warburg effect is also found in some cells. For example, cancer cells such as non-small-cell lung cancer, ovarian cancer, and pancreatic cancer display a high ability in uptake of glucose, but they also use lactate and glutamine to support cell proliferation in necessity^[@CR36]--[@CR38]^. In non-cancer cells, e.g., enhanced α-ketoglutarate can maintain activation of macrophage and orchestrate their immune response^[@CR39]^; the high levels of acetyl-CoA in embryonic stem cells have a role in maintenance of pluripotency^[@CR40]^. Here we reveal that oxidized ATM is involved in regulating a non-canonical Warburg effect by modulation of PFKP and CS pathways, facilitating glucose to convert into pyruvate and citrate instead of lactate in hypoxic TNBC cells. This particular type of metabolic pattern is also found in natural killer cells^[@CR41]^. PFKP, which enhanced in clear cell renal cell carcinoma^[@CR42]^, non-small cell lung cancer^[@CR43]^, and acute myelogenous leukemia^[@CR44]^, contributes to glycolysis, to maintain the malignancy of the disease. In this study, we found that PFKP is transcriptionally regulated by oxidized ATM-mediated HIF1A under hypoxia, which is similar to the findings in human skin fibroblasts stimulated by T~3~^[@CR45]^ and in human endothelial cell lines in response to hypoxic stress^[@CR31]^. CS is an enzyme catalyzing mitochondria acetyl-CoA into citrate, which can be regulated by METTL12 via metabolite-sensitive methylation in human cells^[@CR46]^, enhanced by SIRT3 via deacetylation in Parkinson's disease^[@CR47]^, or transcriptionally upregulated by STAT3 in lymphocytes^[@CR23]^. Interestingly, we find CS is posttranscriptionally regulate by oxidized ATM via UBR5-mediated ubiquitination, which also contributes to the accumulation of citrate production in hypoxic TNBC cells.

In addition, our work confirms that some of metabolites, such as citrate, can act as signaling molecules to trigger the activation of oncogenic signaling. A growing number of studies indicate that the metabolites may have critical role on biological phenotype via stimulating some specific signaling pathway apart from metabolic pathway directly or indirectly. As revealed by Lee et al.^[@CR48]^, lactate promotes angiogenesis and cell growth by binding to and stabilizing NDRG3 protein, which activates Raf-ERK pathway in hypoxic tumor cells. β-hydroxybutyrate can increase pro-apoptotic gene expressions and repress antiapoptotic gene expressions by activating ROS-P38 signal in bovine hepatocytes^[@CR49]^. Acetoacetate, as a ketone body, conduces detoxification of methylglyoxal to prevent aging- and diabetes-related diseases^[@CR50]^. Here we first unravel that citrate accumulation in oxidized ATM-mediated EMR activates the AKT/ERK/MMP2/9 signaling to enhance the invasion and metastasis of TNBC cells. Currently, we still cannot address how citrate activates AKT and ERK, and thusfurther exploration is warranted.

In summary, the present work reveals that hypoxia-induced activation of oxidized ATM involves in metabolic citrate-stimulating invasion and metastasis of TNBC cells. Oxidized ATM augments glycolytic fluxing into pyruvate and citrate through upregulating PFKP and CS protein levels in hypoxic TNBC cells. Moreover, accumulation of cytoplasmic citrate triggers AKT/ERK signaling to upregulate MMP2/9 expression, leading to enhanced TNBC invasion and metastasis. Our findings may provide a new therapeutic target to TNBC.
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